Introduction
There has been considerable interest in developing common, uniform and comprehensive approaches to representing medical information, including the essential details of observation, diagnosis, and patient management (Evans, Cimino, Hersh, Huff, & Bell, 1994) . However, a wide range of problems in developing such schemes have by now become well documented. These include inability of vocabularies to meet end user needs, difficulties in reaching consensus on content and structure of standardized vocabularies, proliferation of a variety of representational schemes, as well as debates between proponents of structured and less structured approaches.
In considering the difficulties in attempting to create clinical classifications to adequately capture medical knowledge, Chute et al. (1996) have recently argued that "significant attention and research needs to be directed at the basic science of representing what we do to patients". Along these lines, it has also been argued that a closer relationship is needed between work in medical informatics and related research emerging from cognitive science, including psychological perspectives on cognition, perception and linguistics (Patel & Kushniruk, 1994) . From this broadened perspective, medical vocabularies, when considered in the context of actual use by health care workers, must be understood in the context of their users (including consideration of cognitive and perceptual capabilities and limitations) and communication among those users.
In this paper, we examine some underlying psychological issues that we feel need to be addressed in order to lead to the development of vocabularies that more closely take into account, and try to some extent reflect, how health care workers organize and process medical information in actual use. It will be argued that further work is needed, based on understanding of underlying psychological processes. This encompasses areas including human cognition, perception, as well as distributed processes involved in the establishment of shared vocabularies within communities. In addition, evaluation of vocabularies, using innovative techniques, involving subjects (i.e. health care workers) performing representative tasks, will be essential to ensure that systems adequately meet user needs in real-world application. The proposed perspective encompasses considering how information and knowledge relevant to vocabularies are: (1) understood (including issues of human cognition and perception), (2) used and navigated by end users, and (3) communicated, including examination of the psychological processes involved in the establishment of shared vocabularies.
Understanding Knowledge: Issues of Comprehension
In actual medical practice, the application of the knowledge embodied in medical vocabularies involves a variety of complex psychological processes. This includes processes of text comprehension, the integration of information from various modalities (including perceptual processing), the construction of hypotheses and meaning, as well as other forms of reasoning processes. In this section of the paper we will focus on aspects of research on the comprehension and processing of textual information, in conjunction with situational aspects and prior knowledge. It is argued that recent models of human discourse comprehension have a great deal of relevance in considering some of the issues raised above regarding the efficacy of medical vocabularies in real-world application.
Models of Text Processing
Although considerable progress has been made in the development of medical vocabularies, research is still needed in understanding the cognitive constraints of users in dealing with these representations. Particularly relevant to this issue is work conducted on the role of knowledge in discourse comprehension and psychological models of text comprehension in medicine (Groen & Patel, 1988; . Based on one of the more influential models, the comprehension of text can be viewed as a process of construction of a representation of meaning of the text. This representation becomes integrated with prior knowledge into a coherent structure -this is the basis of Kintsch's (1988) construction-integration model. According to the model, the reader or listener extracts from text a set of propositions (i.e. units of meaning underlying the surface structure of the text), which are activated. These propositions are then combined with propositions that are inferred from sentences which are already processed. In this way, an associative net, with nodes consisting of both propositions and their related concepts, is built up. Through a process of integration, involving the activation of the most relevant propositions, overall meaning of the text is extracted. An important distinction is made between what Kintch refers to as the generation of the text-base, which refers to the meaning of the text itself, and the generation of the situation model, which refers to the representation of the situation that the text refers to.
An integral aspect of comprehension of text, according to the construction integration model, is the understanding of text in the context of the situation it refers to, i.e. events, actions and other situational factors. This has particular relevance when considering the representation and comprehension of complex medical knowledge and terminology. A greater understanding of the comprehension of text, in terms of integration of situational factors, would appear to be necessitated, in order to understand the comprehension processes of end users of medical vocabularies. Although knowledge representations and extensions to standardized formalisms to allow for greater flexibility may be arguably hard to achieve, such consideration may be necessary in order to build vocabularies that may more closely map to specific situations and human constraints on information processing. In general, it can also be argued that the development of computational representations for medical knowledge needs to be informed by a better understanding of the way in which people actually process that complex knowledge (Patel & Kushniruk, 1994; .
Empirical study of the construction of meaning and integration of knowledge, from a variety of sources, promises to provide considerable insight into developing more successful schemes for medical language representation. Considering the application of the construction integration approach along these lines, Schmalhofer and Tschaitschian (1997, in this issue) have recently applied a similar model in their analysis of the knowledge discovery process in medicine. Based on the results of empirical studies, they argue that in constructing new knowledge, people initially connect various knowledge sources that are relevant to both their current situation and their goals. This is hypothesized as being followed by a process of integration, in which inconsistencies and redundancies are eliminated. Based on this theoretical framework, Schmalhofer and Tschaitschian go on to describe a system to support clinical project managers and serve as an interface to pharmacological databases.
Understanding Concepts: Issues of Classification
In this paper it is argued that work is needed in assessing the degree of match between the vocabulary organizations and categorizations embodied in schemes invented by designers of medical vocabularies (e.g. computer scientists, linguists and medical informaticians) and those of end users (e.g. health care workers). This is closely related to a more general issue in human-computer interaction: the potential problem of user-designer "mismatch" (Norman, 1988) . According to the theoretical framework developed by Norman, if users' goals, intentions and representations do not match those of the system being used, a range of user problems and frustrations can result. In the context of computerized patient record systems, in our laboratory we have begun to develop methods for assessing the degree to which physicians can accurately map medical information (e.g. findings and qualifiers contained in a written medical case, or paper notes) to those provided by underlying medical vocabularies, in the context of real-life data entry . Our preliminary results (involving several different types of computerized patient record systems) have indicated that although accuracy of representation can be greatly improved with learning of the capabilities and limitations of a particular computer system and representational scheme (i.e. as user behaviour is "shaped" by the system), a wide range of problems of representational mapping can occur. From our studies, these range from inability to qualify findings, problems in representing chronology, and difficulty in explicating decision making and reasoning processes (e.g. providing explanations and justifications for actions in a readily understandable format, that would be comprehensible to other health care workers).
Psychological Studies of Classification
Psychological research investigating use of "natural" terminologies and the naming and categorization abilities and limitations of humans could be particularly relevant for the medical informatics community. In one line of research (Dumais & Landauer, 1982) , studies were conducted of how the way humans name things limits the ability of computer systems to determine what they are referring to (in the context of a variety of types of interfaces and systems, including key-word recognition systems and natural language interfaces). Subjects were asked to name objects in domains, ranging from providing instructions for text-editing to categories for "want ads". It was found that random pairs of subjects rarely used the same word for an object. However, in developing computer systems to recognize user requests, it was found that "hit rates" could be increased significantly by using norms on naming (obtained from the psychological studies), by recognizing as many of the users words as was possible, and by allowing for a number of "guesses". Along similar lines, an experimental, psychological approach was used to investigate how people categorize information objects (Furnas, Landauer, Gomez, & Dumais, 1984) . The purpose of this work was to develop empirical networks of "ISA" relations, based on user knowledge and representations. Subjects were asked to classify information objects, in a variety of domains, i.e. they were asked to name the superordinate categories the objects belonged to. In turn, they were asked to provide the superordinate categories of those categories, in effect developing isa-hierarchies. Although the results indicated that construction of networks that match all users' conceptions may be infeasible (i.e. there was considerable disagreement even regarding classification of simple objects), such investigation can reveal insight into perceived deficiencies of classification schemes. This type of psychological analysis could be of particular relevance for understanding problems in arriving at consensus on medical terminologies, and our research laboratory is currently initiating empirical study along these lines.
Determining Regularities in Medical Classifications
Consistent with the findings described above, it may be inherently difficult to detect and map regularities for classification schemes in domains involving complex problems in areas like medicine. From a psychological perspective, medical problems can be construed as being illstructured and cognitively complex, since initial states, definate goals and necessary constraints are often unkown at the beginning of the process of problem solving (Simon, 1973) . In addition, the strategies and information required to solve particular medical problems have been shown to vary according to a number of complex factors, including the problem solvers' prior knowledge, level of expertise, situational aspects, and the difficulty of the medical problem (Patel, Arocha, & Kaufman, 1994) .
Based on an extensive body of research, Patel and colleagues have shown that in diagnostic reasoning, the problem solving approaches taken by experts in a medical specialty contrast considerably with strategies of non-experts. Much of this work has involved the use of think-aloud protocols, where subjects are instructed to verbalize their thoughts while solving medical problems. The basic approach we have used to analyze such data is by representing the propositional structure of a protocol as a semantic network, using a formalism similar to that developed by Sowa (Sowa, 1984; Sowa, 1991) . Based on such analysis, forward reasoning, i.e. from data towards hypotheses, has been found to be associated with accurate diagnoses and expert reasoning in medicine (Patel & Groen, 1986) . In contrast, reasoning backwards from diagnostic hypotheses to data is characteristic of non-experts. Furthermore, cognitivelybased studies of doctor-patient interactions have indicated that expert physicians, as compared to non-experts, are able to rapidly focus on that information in a case which is most relevant to solving a particular diagnostic task (Patel, Evans, & Kaufman, 1989) . How physicians reason and what information, knowledge and evidence they apply is an essential consideration in attempting to develop practical classification schemes and medical vocabularies which will lead to efficient organization and retrieval of knowledge appropriate to specific problem solving contexts.
The complexity involved in medical reasoning processes may account, to some extent, for current findings of inconsistencies in medical classifications, perceived inflexibity in many structured medical classification schemes and problems in adapting to particular situations, contexts and levels of expertise. Indeed, according to Feltovich et al (1992) , problems with ill-structured domains may not be limitations in the state of the art of classification, but rather are more fundamentally "problems in principle". Consistent with this perspective, Spiro, Feltovich and Coulson (1996, in this issue) discuss analysis of complexity in medical cognition, along with ways of ameliorating such difficulties. According to Spiro et al., "generic meanings of medical terms are at most partial, only becoming complete when they have been tailored to their context of application". Taking this argument further, Clancey (1995) has adoped an even more situated perspective, and argues that since there is no way to completely record important subjective experiences and events involved in actual medical practice, the emphasis of development of computer systems for supporting medical reasoning should be on developing tools for constructing, and later reconstructing, models of patients from a more holistic perspective. This is contrasted to the approach of designing systems around a model of simply storing and retrieving facts. Along these lines, Clancey argues for the further development of markup languages, and other collaborative technologies, in order to retain the narrative character of patient records.
In considering the psychological literature and findings from cognitive science described above, it seems clear that simple classification schemes will not be sufficient for the representation of complex real-world problems. Along these lines, Spiro et al. argue that special focus should be placed on representing the fluidity of medical concepts (i.e. accounting for changes and variation in meaning across contexts and circumstances) rather than on strong pre-specification. This is also consistent with the work of Schmalhofer and Tschaitschain (1996, also in this issue) , who argue that even experts in a field are often inconsistent in their classifications and that the terminology they wish to apply changes from person to person, and even from one occasion to the next. Thus an emphasis on the understanding of the flexibility of concepts, context of use (i.e. situational aspects) and goals relevant for a given situation, emerges from viewing classification and medical vocabularies from a cognitive perspective.
Navigating Knowledge: Human Factors Issues
The complicated interaction between health care workers and computer-based information systems requires much more systematic analysis. Indeed, there is a current need to study human-computer interaction involving medical systems, and specifically medical vocabularies. To date, the medical informatics community has focused considerable attention on such issues as computational formalisms for representing medical knowledge, vocabulary content and legal aspects of use. These are essential considerations, however, a basic understanding of human interaction with systems emodying such representations, including computerized patient record systems (CPRs), has received less attention. We have found a number of techniques and methods, which we have developed and refined in our research in medical cognition, to be extremely useful in understanding complex aspects of human factors in medicine, including the effects of computerized record systems and classifications on physicians' reasoning and decision making processes (Kushniurk, Kaufman, Levesque, & Lottin, 1996). As described below, the cognitive analysis of physiciancomputer interaction can provide insight as to possible problems users may be experiencing in representing and navigating through knowledge embodied in medical vocabularies, and provide clues as to possible solutions.
Cognitive Evaluation of User Interfaces to Medical Vocabularies
We have refined and developed a variety of methodologies, typically involving video recording of physicians in performing specific tasks while using systems, such as computerized patient records, to store and access patient data . In addition, we borrow from cognitive science the think-aloud methodology. In the context of our research, this involves the audio recording of verbalizations of subjects (e.g. physicians or nurses) as they interact with systems. This work has grown out of our laboratory's research in the study of human expertise (Patel, Arocha, & Kaufman, 1994) , which often involves the analysis of the reasoning and decision making of physicians of varying levels of expertise, as they perform diagnostic tasks. Based on this body of work, we have developed a number of principled methods for analyzing such data, with aid of computer tools that allow for the annotation, coding and analysis of the video recordings .
We have recently applied techniques of cognitive evaluation in the study of the human-computer interface to a medical vocabulary (Kushniruk, Patel, Cimino, & Barrows, 1996) . The specific objective of this work was to evaluate the user interface to a computerized patient record system , and its underlying medical vocabulary -the Medical Entities Dictionary (MED). Our research was motivated by the need to better understand medical vocabularies in the context of actual use in a hospital settings, for tasks such as patient data entry. Subjects, consisting of residents and attending physicians, were instructed to think aloud as they entered patient data into the system. A focus was on examining the users' interaction with the system's term-lookup function, which allows users to enter medical terms (e.g. for adding patient problems and medications). In response to the term entered by the user, the system returns possible matching terms from the MED, from which the user can then select the most appropriate term. Terms returned by the system, in response to terms entered by the user, were classified as either: (1) complete matches (2) partial matches, and (3) no matches.
Using computer-supported video analysis (described in , and analysis of the think-aloud protocols, we were able to accurately pinpoint sources of user problems. These included interface issues (e.g. difficulties in performing computer operations for data entry, or accessing information), deficiencies in the underlying medical vocabulary, from the user's perspective (e.g. lack of sufficient match between terms entered by the user and those contained in the vocabulary), as well as difficulties emerging from the often subtle interactions among the end user, the user interface, and the underlying vocabulary.
It is important to note that our evaluation was initially conducted in the early development phase of the patient record system described above, and the results of the analysis were immediately fed back into the iterative design of the user interface and refinement of the medical vocabulary. A recent follow-up study conducted (applying the same methodology) has indicated significant improvements in the general usability of the system, as well as the success rate of term matches, based partially on the results of the cognitive analysis. In general we are now applying such analysis early in the design phases of systems, as well as conducting cognitive task analyses to assess users' cognitive needs in decision making and reasoning prior to design of systems, to serve as sound basis for both system design and knowledge base contents Kushniruk, Patel, & Fleiszer, 1995) . We have found that cognitive analyses, which focuses on the process of system and vocabulary use, can complement other forms of evaluation, such as that described by Rocha (1997, in this issue) and other forms of empirical analyses of text corpora (Hersh, Campbell, Evans, & Brownlow, 1996) .
Cognitive and Perceptual Issues in Navigation
Rapid advances in graphical user interfaces, hypermediabased knowledge organizations and research in visualization of data and knowledge, are leading to new perspectives on the representation and access of medical knowledge, other than that implied by consideration of words and text alone. In addition to many possibilities for enhancing medical representations and vocabularies that may emerge from an improved understanding of the cognitive and linguistic processes of humans, new dimensions emerge when understanding of human perception is considered in the representation and access of medical knowledge. The integration of various modalities (and sources of information), including text, graphics, and other forms of multimedia, may go a long way in an attempt to flexibly bring more relevant information and evidence to bear on physicians' particular needs. Indeed, research in the study of human expertise (Patel, Arocha, & Kaufman, 1994; Lesgold, Rubinson, Feltovich, Glaser, Klopfer, & Wang, 1988) indicates the importance of both cognitive and perceptual skills behind the ability of experts to rapidly "size up" and understand complex medical problems and situations.
Consistent with this theoretical and empirical base, Nygren (1997, in this issue) argues that medical concept representation is not merely a matter of words and terminology, and that perceptual, as well as higher order cognitive skills are key. According to Nygren this argues that the development of pictorial and tabular representations are essential in providing effective overviews of knowledge to health care workers in decision making situations, and that this must be considered in the development of effective representations of medical knowledge. Indeed, in analyzing the use of paper records, it has been reported that expertise in reading the record is highly related to perceptual cues, including formats, layouts and other perceptual features (Nygren & Henriksson, 1992) . Implications of such findings for the development of computerized patient records include the fine-tuning of graphical aspects of interfaces to facilitate different types of cognitive and perceptual processes, including proof-reading, rapid scanning of patient records, and reading for comprehension.
A well known finding from the literature on memory research that is beginning to be exploited in the development of medical interfaces is that humans are much better at recognizing material than recalling it from memory. The importance of this phenomena has been acknowledged in the development of user interfaces (Preece, Rogers, Sharp, Benyon, Holland, & Carey, 1994) , particularly in fields like medicine, where the continually growing body of information and knowledge, will make increasing demands on human capabilities of memorization and recall of terminology (Tuttle, Cole, Sheretz, & Nelson, 1995) . Along these lines, Norman (1988) has made the distinction between "knowledge in the head" and "knowledge in the world", to underscore that in carrying out real-world tasks, humans typically combine information from various sources, i.e. from their memory as well as information in the world around them. Following from this, it can be argued that in order to facilitate the use of information in complex tasks like medicine, the environment (e.g. computer-based or otherwise) should be structured with cues that enhance recognition of knowledge. In the context of medical informatics, Tuttle et al. (1995) argue that one way to facilitate health care information needs is to present users with visual representations of available "answers" from which to select from, rather than requiring the user to formalize queries and relying on recall. This emphasis on visual-based navigation and browsing of a problem space is referred to by Tuttle et al. as "answer engineering", as opposed to the more traditional computer science perspective of "question engineering". Possibilities explored along these lines include advanced three-dimensional visualization techniques and a variety of enhanced network models.
From a related perspective, Spiro et al. (1997, in this issue) describe a framework, they refer to as "Cognitive Flexibility Theory", for considering the design of hypertext for medical knowledge and the development of learning systems. Their framework is based on providing flexibility in the design of interfaces that do not force users to rely on retrieval from memory of highly specified knowledge. In contrast, as argued earlier in this paper, the point is made that medical terms and concepts be defined in such a way that they "have a fluidity that precludes strong pre-specification". In order to do so, Feltovich et al. (1992) describe the development of case-based training for management of complexity in medicine, based on an groundwork of understanding of the variety of potential themes that run within medical cases.
Although hypermedia and graphically oriented approaches to representing and accessing medical knowledge are appealing and show considerable promise, a number of fundamental problems remain, which are documented in the humancomputer interaction literature. These include problems of possible information overload, user disorientation, and the problem of becoming "lost in hyperspace" when navigating through large knowledge bases. A variety of solutions have been proposed and implemented, ranging from methods for focusing user attention, to intelligent system filtering of information (Neilsen, 1995) . Empirical evaluations of end user interactions with hypermedia systems will also be needed. Applying methodologies we have outlined above in the cognitive analysis of medical information systems, our laboratory has recently conducted various studies examining the ability of physicians to navigate through hypermedia interfaces to educational software (Kaufman, Kushniruk, Bouchard, Patel & Yale, 1994; . We are currently extending this type of research to examine user interactions with graphical browsers to medical vocabularies. The continual and iterative evaluation of graphical and hypermedia-based representations and systems will be necessary, both in order to develop more usable interfaces and lead to psychological principles to guide design.
Communicating Knowledge: Collaborative Processes in Developing Shared Vocabularies
One particular focus in the development of medical vocabularies and computerized patient record systems has been on the individual user (e.g. physician or nurse). However, in actual practice medical vocabularies must serve collaborative processes which are distributed amongst a number of "agents" (e.g. health care workers, organizations etc.). Indeed, as Clancey (1995) argues, activities in complex areas such as medicine can be viewed at many levels, ranging from the individual, to the social and even cross-cultural. Thus, a broader perspective involves understanding how communities use, share and converge on common concepts and linguistic conventions. In addition, the negotiation and establishment of linguistic conventions involves complex psychological processes in its own right. This involves processes of co-ordination and eventual acceptance or disuse among members of a community, as well as across communities (Garrod, 1987; Garrod 1994) . The question of how groups establish linguistic conventions has particular relevance for understanding how the medical informatics community itself attempts to arrive at conventions. Thus, the potential for development of "real-world" vocabularies, that might achieve a high degree of use and acceptance among a broad range of users across a range of tasks, is closely linked to issues of group and socio-cognitive processes, as well as other issues described earlier in this paper, such as situational and contextual factors.
According to Garrod (1997, in this issue) , empirical research from laboratory study suggests that processes that lead to common terminologies and concepts within groups proceeds somewhat automatically, around the conducting of particular joint activities. Thus, Garrod goes on to argue that the imposition of formal systems of concepts and terminologies may be difficult. However, a more optimistic finding, also emerging from psychological study, is that groups may naturally converge on concept and terminology conventions that may be optimal for coordinating across a group as a whole. However, this may be depend on the extent of exposure of a large number of members of that community to a range of possible conventions before a shared vocabulary is established.
In the context of understanding such collaborative processes in the medical informatics community, research is currently taking place in evaluating the InterMed Collaboratory, an interdisciplinary project, involving six major medical institutions (Shortliffe, Barnett, Cimino, Greenes, Huff, & Patel, 1996) . An important aspect of this project is the collaborative sharing of software and system components, and the development of common, shared languages of representation, in order to facilitate further cooperation. This project is currently being used as a test-bed for the cognitive evaluation of collaborative processes in the study of how diverse groups arrive at common terminologies, guidelines and shared perspectives Patel, Kaufman, & Poole, 1996) . Data being collected consists of recordings of conference calls, collection of email correspondence, along with interviews and questionnaires. The analysis, currently ongoing, promises to elucidate further, some of the complex socio-cognitive processes at play in the development of shared perspectives within the medical informatics community.
Conclusion
From consideration of the psychological perspective presented in this paper, and the position of a number of researchers, including Clancey, Spiro, Schmalhofer, Garrod, as well as ourselves, there is agreement that creating vocabularies and organizations for concepts, and then seeing how people use them, may not be the best way to proceed. It is instead argued that we first have to better understand the epistemology of medical knowledge and how meaning is negotiated in actual practice. The capacity of people to learn to adapt to and regulate evolving structures and situations in a flexible way is a critical consideration. In human-human interactions we are adept at this. In designing interactions among human and machines we must also allow for this type of flexibility.
The ideal of having one standard vocabulary for everybody may not be feasible. In this paper, it has been argued that just storing and retrieving concepts that are contained in a system will lead to problems. Indeed, this is very static view of how knowledge is used in practice. In contrast, interest should be focused on how knowledge is interpreted at many levels, including the text level, the situation level and at the level of communication among groups. Even perceptions are also shared within certain levels of expertise. Furthermore, common consensus on concept use is most often achieved through collaboration in practice and the negotiating and argumentation that takes place. We are currently interested in better understanding and tapping into these processes. It has shown that different groups of people will negotiate different interpretations. This could well be the result of the flexible nature of human knowledge representation.
